Patients with systemic inflammatory diseases (e.g., rheumatoid arthritis, inflammatory bowel disease, chronic liver disease) commonly develop debilitating symptoms (i.e., sickness behaviors) that arise from changes in brain function. The microbiota-gut-brain axis alters brain function and probiotic ingestion can influence behavior. However, how probiotics do this remains unclear. We have previously described a novel periphery-to-brain communication pathway in the setting of peripheral organ inflammation whereby monocytes are recruited to the brain in response to systemic TNF-␣ signaling, leading to microglial activation and subsequently driving sickness behavior development. Therefore, we investigated whether probiotic ingestion (i.e., probiotic mixture VSL#3) alters this periphery-tobrain communication pathway, thereby reducing subsequent sickness behavior development. Using a well characterized mouse model of liver inflammation, we now show that probiotic (VSL#3) treatment attenuates sickness behavior development in mice with liver inflammation without affecting disease severity, gut microbiota composition, or gut permeability. Attenuation of sickness behavior development was associated with reductions in microglial activation and cerebral monocyte infiltration. These events were paralleled by changes in markers of systemic immune activation, including decreased circulating TNF-␣ levels. Our observations highlight a novel pathway through which probiotics mediate cerebral changes and alter behavior. These findings allow for the potential development of novel therapeutic interventions targeted at the gut microbiome to treat inflammation-associated sickness behaviors in patients with systemic inflammatory diseases.
Introduction
Symptoms occurring during inflammatory diseases (e.g., bowel, joint, liver) greatly affect patient quality of life (QOL) . However, how peripheral inflammation leads to changes in brain function and altered behavior are poorly understood. Disease-associated changes in behavior have been modeled in animals and are defined as sickness behaviors (Bluthé et al., 2006) . Previously, using a model of experimentally induced liver inflammation, we identified periph-eral TNF-␣-induced microglia activation and recruitment of monocytes to the brain as critical steps in the development of inflammation-associated sickness behaviors . Moreover, the clinical relevance of these findings is supported by the widely reported effect of anti-TNF-␣ therapies in improving sickness behaviors in patients suffering from a number of inflammatory diseases, often well before changes in tissue inflammation are observed (Lichtenstein et al., 2002; Strand et al., 2011; Weiler-Normann et al., 2013) .
The influence of gut microbiota on brain function and behavior are increasingly recognized (De Palma et al., 2014) . Probiotics are live microorganisms that are commonly ingested to provide health benefits. Interestingly, probiotic consumption has also been shown to alter brain function and behavior in healthy humans. Specifically, probiotic ingestion can have beneficial effects on mood and cognition (Messaoudi et al., 2011) and has also been associated with changes in neural activity in brain regions involved in emotional processing (Tillisch et al., 2013) . In addition, probiotic consumption has been associated with changes in brain function in patients with a variety of medical conditions including chronic fatigue (Ahmed et al., 2009) , irritable bowel syndrome (O'Mahony et al., 2005) , and in patients with hepatic encephalopathy (Mittal et al., 2011; Lunia et al., 2014) . The mechanism whereby probiotic ingestion leads to changes in brain function and behavior remain unclear, but have been linked to changes in gut flora (although not routinely observed), changes in gut permeability, and shifts in systemic immunity with decreased production of proinflammatory cytokines, including TNF-␣ (O'Mahony et al., 2005; Hemarajata and Versalovic, 2013) .
VSL#3 is a probiotic mixture that has been widely used clinically, mainly to treat mild to moderately active inflammatory bowel disease (Hungin et al., 2013) . VSL#3 also appears to be beneficial in some patients with advanced liver disease because VSL#3 ingestion decreased plasma levels of proinflammatory cytokines (e.g., TNF-␣) (Loguercio et al., 2005) , improved QOL (Mittal et al., 2011) , and reduced hospitalizations for hepatic encephalopathy (Dhiman et al., 2014) . Furthermore, VSL#3 has recently been linked to an effect on brain function in that VSL#3 ingestion altered brain gene expression (Distrutti et al., 2014) . Therefore, we administered VSL#3 to mice with liver inflammation to determine its effects on sickness behavior development and to determine how oral VSL#3 administration leads to changes within the brain. Our findings highlight a novel pathway whereby probiotic administration mediates improvement in inflammation-associated sickness behaviors by altering systemic immunity, decreasing microglial activation, and reducing recruitment of TNF-␣-secreting monocytes to the brain.
Materials and Methods
Murine model of peripheral inflammation. Mice (all on C57BL/6 genetic background, males, 6 -8 weeks old) were used for all studies (The Jackson Laboratory) and were maintained in a pathogen-free facility. All procedures conformed to guidelines established by Canadian Council on Animal Care. For these experiments, we used the well characterized model of liver inflammation due to bile duct ligation (BDL) as described previously (Kerfoot et al., 2006; Nguyen et al., 2008; Nguyen et al., 2012; ; sham ligated mice served as controls. This model is associated with elevated circulating cytokine levels (e.g., TNF-␣, IL-6) and the reproducible development of sickness behaviors . Systemic anticytokine treatment (e.g., anti-TNF-␣) in this model improves sickness behaviors, mimicking findings from clinical settings in patients with inflammatory diseases (Strand et al., 2012) . All experiments were performed 10 d after surgery. Mice were gavaged orally with a VSL#3 probiotic mixture containing eight live, freeze-dried bacterial species: Streptococcus salivarius subsp., thermophilis, Bifidobacterium (B. breve, B. infanti, B. longum), Lactobacillus acidophilis, L. planarum, L. casei, and L. delbrueeki subsp. Bulgaricus; 1.7 billion bacteria, or placebo (both kindly provided by Prof. C. De Simone, VSL Pharmaceuticals, Rome, Italy) in saline vehicle (0.1 ml) for 10 d before surgery. Mice were then randomly separated into BDL and sham surgery groups and VSL#3 or vehicle treatment continued until day 10 after surgery, when tissues were harvested or behavioral studies performed. Changes in liver injury severity were determined by measuring serum alanine aminotransferase (ALT) and total bilirubin levels and by histological changes. ALT and bilirubin levels were measured in a commercial laboratory (Calgary Laboratory Services). Histological assessment of liver inflammation and fibrosis were done using H&E and sirius red-fast green (for collagen) stains, respectively.
For studies examining the potential effects of TNF-␣ inhibition, mice were administered etanercept (Enbrel; Amgen; 3 mg/kg subcutaneously; dose previously shown to block TNF-␣ activity) (O'Connor et al., 2009) or saline vehicle daily from day 2 post-BDL to day 10 post-BDL.
Body weight and sickness behavior assessment. Mice were weighed daily in the morning. The assessment of "social exploratory" behavior in rodents is a highly reproducible and robust behavioral paradigm used to quantify sickness behavior (Bluthé et al., 2006) . This paradigm examines the motivation, interest, and ability of an adult mouse to engage in social behaviors (Bluthé et al., 2006) , all of which are adversely affected by peripheral organ inflammation in humans and in experimental models . The time spent by an adult mouse engaging in social investigative behavior toward a juvenile mouse, which has been introduced into the adult mouse home cage, compared with time spent in nonsocial behavior and the time spent remaining immobile, were recorded as described previously .
Assessment of gut permeability. The intestinal tract from the stomach to the rectum was removed from the mice and the most distal portion of the colon was removed and snap-frozen for myeloperoxidase (MPO, a marker of neutrophilic inflammation) analysis. The next 1.5 cm of the colon and a 1.5 cm section from the center of the small intestine were dissected for Ussing chamber (Physiologic Instruments) analysis. Tissue in Ussing chambers was bathed in Krebs buffer containing the following (in mM): 115 NaCl, 2 KH 2 PO 4 , 2.4 MgCl 2 6H 2 O, 25 NaHCO 3 , 8 KCl, and 1.25 CaCl 2 with 10 mM mannitol (mucosal) or glucose (serosal) and maintained at 37°C and bubbled with 95% O 2 -5% CO 2 . Fluoresceinisothiocyanate (FITC) dextran (0.5 mM; Sigma-Aldrich) was added to the mucosal compartment and the serosal side was sampled every 20 min for 80 min total (colon) or every 10 min for 60 min total (small intestine). FITC fluorescence was measured using a Victor X4 2013 Multilabel Reader (PerkinElmer) .
Microbiome analysis. DNA extraction, 16sRNA amplification, and sequence processing analysis were done as described previously (Whelan et al., 2014) .
Intravital microscopy of cerebral vasculature. Intravital microscopy of cerebral vasculature was conducted as described previously (Kerfoot et al., 2006; . Briefly, under ketamine (100 mg/kg)/ xylazine (10 mg/kg) anesthesia, a craniotomy was performed and the dura mater removed to expose the underlying pial vasculature. The mouse was maintained at 37°C and the tail vein cannulated for administration of dyes and antibodies. Rhodamine-6G dye (0.3 mg/kg; SigmaAldrich) was used to label all circulating leukocytes. Cerebral endothelial cells (CECs) were labeled with a FITC/allophycocyanin-labeled anti-CD31 antibody (2 g/mouse, i.v.; eBioscience). Five vessels of 30 -70 m diameter were recorded using a video recorder for 1 min and data were averaged. Rolling leukocytes were defined as cells that moved at a velocity less than that of an erythrocyte past a given point within a 100 m vessel segment. Adherent leukocytes were defined as cells that remained stationary for 30 s or longer within a 100 m vessel segment.
Leukocyte-CEC interactions were imaged using a Quorum WaveFX spinning disk confocal microscope driven by Volocity 6.1 acquisition software (PerkinElmer). Labeled cells were imaged using 491, 561, or 635 nm laser excitation and visualized with the appropriate long-pass filters using a 10ϫ/0.33 numerical aperture air objective. A 512 ϫ 512 pixel back-thinned EMCCD camera (Model C9100-13; Hamamatsu) was used for fluorescence detection.
Assessment of probiotic-related changes in systemic immunity. Blood was collected by cardiac puncture into tubes containing EDTA and stored at Ϫ80°C. To determine potential VSL#3-related changes in systemic immunity, serum cytokine and chemokine levels were measured by Luminex (Millipore MCYTOMAG-70K mouse cytokine 32-plex; Eve Technologies).
Assessment of cerebral monocyte infiltration and microglia activation. Brain mononuclear cells (i.e., infiltrating monocytes and microglia) were isolated from cerebral cortices using our previously described protocols and characterized by flow cytometry . To distinguish between resting/activated microglia and cerebral infiltrating monocytes, we used the expression of CD11b coupled with the differential expression of CD45 antigen, as determined by flow cytometry. Based on these criteria, resting and activated microglia are defined as CD45 low CD11b ϩ and CD45 intermediate CD11b ϩ cells, respectively; infiltrating monocytes are defined as CD45
high CD11b ϩ cells (Sedgwick et al., 1991) . Intracellular TNF-␣ production by cerebral infiltrating monocytes and microglia was examined as described previously using flow cytometry with a PE-labeled anti-TNF-␣ antibody . All antibodies were from eBioscience. Immunohistochemitsry for Iba-1 (Wako Chemicals) was performed as described previously .
Statistical analysis. Data (mean Ϯ SEM) were analyzed using SPSS Statistics 22 software. For comparison between two means, Student's unpaired t test was used. For comparison of four groups, a two-way (surgery ϫ treatment) ANOVA was used and when the interaction was significant, a Tukey-Kramer post hoc pairwise multiple-comparison procedure was used. p Ͻ 0.05 was considered significant.
Results
Characterization of liver inflammation and sickness behavior development in BDL mice BDL mice showed: (1) an ϳ31-fold increase in serum ALT levels (surgery effect: F ϭ 69.47, p Ͻ 0.0001), (2) an ϳ189-fold increase in serum bilirubin levels (surgery effect: F ϭ 39.98, p Ͻ 0.0001), (3) a decrease in body weight (surgery effect: F ϭ 282.03, p Ͻ 0.0001), and (4) a mild increase in liver fibrosis compared with sham controls (Fig. 1A-D) . There was no evidence of colonic inflammation (as measured by determining bowel MPO levels; data not shown) or significant changes in colonic or small bowel permeability in BDL compared with sham mice (Fig. 1E ). As previously reported using a social investigation behavioral paradigm to delineate sickness behavior development , BDL mice reproducibly developed overt sickness behaviors, spending significantly less time engaging in social investigative behavior (i.e., interacting with the juvenile mouse; surgery effect: F ϭ 72.17, p Ͻ 0.0001) and more time in noninvestigative behaviors (e.g., grooming, being immobile; surgery effect: F ϭ 40.01, p Ͻ 0.0001) compared with sham controls (Fig. 2) .
Impact of oral VSL#3 administration in BDL mice
We next determined the effects of VSL#3 treatment upon liver injury severity, bowel permeability, gut microbiota, and sickness behavior development.
Effect on markers of liver injury and bowel permeability VSL#3 treatment had no discernible hepatic effects or effects on bowel permeability measures in sham mice. Moreover, in BDL mice, VSL#3 treatment did not alter serum ALT or bilirubin levels or body weight and no changes in liver inflammation or fibrosis were detected histologically (Fig. 1A-D) . Furthermore, VSL#3 treatment did not alter colonic or small bowel permeability (Fig.  1E) or colonic MPO levels in BDL mice (data not shown).
Effect of VSL#3 treatment on gut microbiota
To investigate the impact of VSL#3 treatment on the gut microbiota, 16S rRNA gene profiling was performed on fecal pellets from each mouse. Paired-end Illumina sequencing of the V3 region was performed and the data processed as described previously (Whelan et al., 2014) . For the 36 samples, a total of 4,957,160 sequence reads were used in the analysis (the minimum and maximum number of reads per sample was 66,131 and 188,558, respectively; Table 1 ) that clustered into 1657 operational taxonomic units. There was no difference in ␣-diversity between the four groups of mice, indicating no major disruption to the gut microbiome by the surgical procedure or probiotic treatment (Fig. 3A , Table 1 ). When examined using ␤-diversity metrics, the samples separated based on the presence of liver inflammation (i.e., sham vs BDL), but not probiotic intervention, using Bray-Curtis (Fig. 3B ) or weighted Unifrac analysis (Table  1 ). The distribution of taxa between the four groups were similar, although the Bacteroidetes and Firmicutes were increased and reduced, respectively, in the BDL group compared with sham controls (Fig. 3C,D) .
Effect of VSL#3 on sickness behavior development VSL#3 treatment did not alter behavior in sham mice (Fig. 2) . In contrast, BDL mice treated with VSL#3 showed a significant improvement in sickness behavior development. This improvement in sickness behavior was indicated by a significant increase in the time that VSL#3-treated BDL mice spent in social investigation (surgery ϫ treatment: F ϭ 6.37, p ϭ 0.016) and a significant decrease in time spent remaining immobile (surgery ϫ treatment: F ϭ 5.26, p ϭ 0.029) compared with BDL mice treated with placebo ( Fig. 2) .
VSL#3 treatment alters systemic immunity and attenuates inflammatory monocyte recruitment to the brain in BDL mice
We have shown previously that peripheral monocytes are activated, produce TNF-␣, and specifically transmigrate into the brains of BDL compared with sham control mice. Moreover, cerebral monocyte recruitment in BDL mice is critical for sickness behavior development . Microglia are activated before monocyte infiltration into the brains of BDL mice and produce the potent monocyte chemoattractant MCP-1/CCL2 . Moreover, peripheral TNF-␣ signaling plays a key role in mediating microglial activation and cerebral monocyte recruitment in this setting. Therefore, we determined whether VSL#3 treatment attenuates sickness behavior development in BDL mice by altering this pathway. Specifically, we delineated whether the improvement in sickness behaviors seen with VSL#3 treatment in BDL mice was paralleled by alterations in peripheral TNF-␣ production, microglial activation, and/or cerebral monocyte infiltration.
VSL#3 treatment alters systemic immunity in BDL mice
To determine whether VSL#3 treatment alters systemic immunity, we screened peripheral blood samples obtained from placebo-and VSL#3-treated mice for a number of cytokines and chemokines using a Luminex assay (Millipore Mouse Cytokine 32-plex kit). Both placebo and VSL#3 treated groups of BDL mice exhibited significant increases in circulating levels of a number of cytokines/chemokines compared with sham mice, including eotaxin (surgery effect: F ϭ 16.61, p Ͻ 0.001), IL-6 (surgery effect: F ϭ 24.52, p Ͻ 0.001), CXCL10/IP-10 (surgery effect: F ϭ 25.17, p Ͻ 0.001), CXCL9/MIG (surgery effect: F ϭ 9.8, p ϭ 0.004), and CXCL1/KC (surgery effect: F ϭ 36.1, p Ͻ 0.001); however, the elevated levels of these cytokines/chemokines in BDL mice were not altered by VSL#3 treatment (Table 2 ) Plasma levels of the cytokines TNF-␣ and granulocyte-colony stimulating factor (G-CSF) were also elevated in BDL versus sham mice, but, in contrast to the other groups of chemokines/cytokines listed in Table 2 , plasma levels of both TNF-␣ and G-CSF were significantly altered by VSL#3 treatment. Specifically, VSL#3 treatment of BDL mice significantly increased plasma G-CSF levels (surgery ϫ treatment: F ϭ 6.3, p ϭ 0.016) and decreased plasma TNF-␣ levels (surgery ϫ treatment: F ϭ 9.81, p ϭ 0.005) compared with placebo-treated BDL mice (Fig. 4) .
To determine whether VSL#3 was potentially mediating its effects on sickness behavior in BDL mice by inhibiting TNF-␣ 
VSL#3 treatment reduces microglial activation in BDL mice
Oral VSL#3 treatment significantly reduces elevations of circulating TNF-␣ levels documented in BDL mice. Therefore, to determine whether this reduction in circulating TNF-␣ levels is linked to changes in microglial activation within the brain in VSL#3-treated BDL mice, we performed immunohistochemistry for ionized calcium-binding adapter molecule (Iba)-1 ϩ microglia (Ahmed et al., 2007 ) in brain sections from VSL#3-and placebotreated BDL mice. We observed that microglia in placebo-treated BDL mice exhibited a morphology typical of activated microglia (i.e., were more rounded in appearance with retracted and thicker processes), whereas microglia in VSL#3-treated BDL mice demonstrated a "resting" morphology (Fig. 5A) . We next isolated cerebral mononuclear cells and characterized them by flow cytometry to quantify the number of microglia that were activated in placebo-and VSL#3-treated BDL mice. Resting microglia were identified as CD11b ϩ CD45 low -expressing cells, whereas activated microglia were identified as CD11b ϩ CD45 intermediate -expressing cells, as described previously (Sedgwick et al., 1991) . VSL#3 treatment significantly reduced the number of activated microglia isolated from brains of BDL mice (surgery ϫ treatment: F ϭ 8.34, p ϭ 0.01; Fig. 5B ). In addition, the number of TNF-␣-expressing microglia in BDL mice was also significantly reduced by VSL#3 treatment (surgery ϫ treatment: F ϭ 13.59, p ϭ 0.001; Fig. 5C ). Furthermore, we also investigated the number of activated microglia in BDL mice treated with both etanercept and VSL#3. We found similar numbers of activated microglia in VSL#3-treated BDL mice administered etanercept (1154 Ϯ 187 cells/brain) compared with those treated with vehicle (1416 Ϯ 272 cells/brain).
VSL#3 treatment reduces leukocyte:CEC adhesive interactions and monocyte infiltration into the brain in BDL mice
We used intravital microscopy to examine leukocyte:CEC interactions within the cerebral vasculature. To do this, cortical blood vessels were visualized through a small cranial window using a Figure 3 . VSL#3 treatment does not affect the composition of gut microbiota in BDL mice. A, Average ␣-diversity measures for each group using Chao1 and Shannon diversity indices. The values were calculated using QIIME with 10 rarefactions to a depth of 10,000 sequences. B, Principal coordinate analysis based on Bray-Curtis distance shows distinct clustering of samples based on whether the mice had undergone BDL, but no distinct separation was observed based on VSL#3 administration. The axis labels represent the first two principal coordinate axis and the numbers in brackets the percentage variation explained. This separation of groups is supported by the Unweighted Pair Group Method with Arithmetic Mean (UPGMA) tree of weighted UniFrac distance with jackknife support (data not shown). C, Taxonomic summary at the phyla level for each of the four treatment groups. D, Taxonomic profiles of fecal pellets for each mice. The data are presented at the phyla level (i) and highest resolved taxonomic level for the 25 most abundant groups (ii) for each of the four treatment groups. Taxa summaries are indicated as being resolved to the class (c) order (o), family (f), or genus (g) level where indicated. Groups in C and D are as follows: A, sham placebo; B, sham VSL#3; C, BDL placebo; D, BDL VSL#3. No significant difference was found between the BDL placebo and BDL VSL#3 groups. Data are shown as mean Ϯ SEM, n ϭ 6 -8/group. *p Ͻ 0.05 versus sham.
spinning disk confocal microscope as described previously (Kerfoot et al., 2006) . Mice were administered rhodamine-6G dye (to label circulating leukocytes) and CECs were labeled with an anti-CD31 antibody . We documented a striking increase in the number of leukocytes rolling (surgery effect: F ϭ 143.74, p Ͻ 0.0001) and adherent (surgery effect: F ϭ 10.35, p ϭ 0.005) along CECs in BDL mice (Fig. 6A-C) . However, VSL#3 treatment in BDL mice significantly reduced the number of leukocytes that rolled (surgery ϫ treatment: F ϭ 5.5, p ϭ 0.03) or were adherent (surgery ϫ treatment: F ϭ 6.1, p ϭ 0.02) to CECs compared with placebo-treated BDL mice (Fig. 6A-C) . To determine whether the reduction in leukocyte:CEC adhesive interactions translated into reduced numbers of monocytes transmigrating into the brain, we isolated cerebral mononuclear cells and characterized them by flow cytometry. We found that VSL#3 treatment significantly reduced the number of monocytes (i.e., CD11b ϩ CD45 high cells) that infiltrated the brains of BDL mice compared with placebo-treated BDL mice (surgery ϫ treatment: F ϭ 6.86, p ϭ 0.016; Fig. 6 D, E) . Moreover, the number of TNF-␣-expressing monocytes infiltrating the brain of BDL mice was also significantly reduced by VSL#3 treatment (surgery ϫ treatment: F ϭ 7.49, p ϭ 0.013; Fig. 6F ). 
Discussion
Patients with inflammatory diseases involving peripheral organs or tissues commonly experience altered brain function giving rise to symptoms that adversely affect their QOL . How peripheral inflammation leads to remote changes in brain function remains unclear and, as a result, there are limited therapeutic options available clinically to address this issue. A number of general pathways have been described that link systemic inflammation to changes occurring in the brain, which in turn give rise to altered behavior . These pathways traditionally have included signaling via neural pathways (mainly vagal nerve afferents) and immune signaling (mainly via circulating cytokines, which either enter the brain directly or activate cerebral endothelium; Capuron and Miller, 2011) . Recently, we described a novel peripheral signaling pathway occurring in the setting of liver inflammation, which involves increased peripheral TNF-␣ production driving increased microglial activation, followed by monocyte recruitment into brain vasculature and brain parenchyma, which in turn drives the development of sickness behaviors (D'Mello et al., 2013). The beneficial effect of probiotic consumption on behavior and brain function is now becoming increasingly appreciated in a variety of inflammatory diseases. Specifically, probiotic administration improves QOL in patients with irritable bowel syndrome (O'Mahony et al., 2005) and was associated with significant improvements in cognitive function and the restoration of impaired hippocampal long-term potentiation in a model of diabetes (Davari et al., 2013) . In addition, probiotic treatment in patients with rheumatoid arthritis led to an improvement in symptoms and daily functioning (Mandel et al., 2010; Pineda et al., 2011) . Our current data further support a role for probiotics in altering brain function during peripheral inflammation. Specifically, treatment with the probiotic mixture VSL#3 significantly improved sickness behaviors in mice with liver inflammation. This effect was independent of changes in the severity of liver injury, indicating that the reduction in sickness behaviors seen with VSL#3 treatment was not due to changes in liver inflammation. Interestingly, and consistent with observations by others (Michail and Kenche, 2011) , VSL#3 treatment did not significantly alter the gut microbiota, suggesting that the effects of VSL#3 on behavior are independent of overt changes in the gut microbiome.
Potential peripheral pathways that link probiotic ingestion to changes in brain function have primarily focused on the role of vagal afferent nerve signaling and changes in cerebral levels of neuromodulators such as brain-derived neurotrophic factor (Bercik et al., 2010) . We now define an alternate signaling pathway established in the setting of liver inflammation, which links probiotic consumption to changes within the brain and alterations in behavior. In patients with inflammatory disease and in animal models of systemic inflammation, VSL#3 ingestion has been previously shown by others to reduce circulating TNF-␣ levels (Loguercio et al., 2005; Dhiman et al., 2014; Sánchez et al., 2015; Vaghef-Mehrabany et al., 2014) . In addition, VSL#3 treatment-induced reductions in circulating TNF-␣ levels were associated with improved neuropsychiatric outcomes, as seen in patients with chronic liver disease (Dhiman et al., 2014) . Our current findings in BDL mice parallel these clinical observations and are consistent with our previous studies demonstrating a critical role for elevated levels of TNF-␣ in the circulation of BDL mice driving sickness behavior development . TNF-␣-associated sickness behaviors in BDL mice are linked directly to cerebral microglial activation and recruitment of monocytes into the brain vasculature and brain parenchyma . In addition, we have also made similar observations of increased leukocyte recruitment to brain vasculature in a model of inflammatory bowel disease . Our current findings are consistent with a role of VSL#3 ingestion in disrupting this signaling pathway in BDL mice. Furthermore, TNF-␣ blockade using etanercept in VSL#3-treated BDL mice did not further improve sickness behavior development, microglial activation, or cerebral monocyte infiltration in VSL#3-treated BDL mice, consistent with the VSL#3 effects in BDL mice being TNF-␣ related. Interestingly, although VSL#3 treatment reduced circulating TNF-␣ levels in BDL mice to sham levels, sickness behavior development was not completely abrogated by VSL#3 treatment. This finding suggests that alternative signaling pathways must also exist in BDL mice to cause sickness behaviors, possibly those driven by vagal afferent signaling to the brain (Capuron and Miller, 2011) .
Changes in cross-talk among the intestinal epithelium, the intestinal immune system, and gut microbes has increasingly been recognized for its capacity to modulate systemic immunity (Belkaid and Naik, 2013) . As a result, probiotics have been administered in an attempt to beneficially alter systemic immunity. Consistent with this paradigm, administration of Bifidobacterium infantis to patients with irritable bowel syndrome was associated with an improvement in symptoms and a normalization of the IL-10 to IL-12 cytokine ratio in peripheral blood mononuclear cells (O'Mahony et al., 2005) . Furthermore, probiotic treatment has been shown to reduce circulating levels of systemic proinflammatory biomarkers, including TNF-␣ levels, in patients with a range of systemic inflammatory conditions including psoriasis (Groeger et al., 2013) , rheumatoid arthritis (Vaghef-Mehrabany et al., 2014) , chronic fatigue syndrome, and liver disease (Loguercio et al., 2005; Dhiman et al., 2014) ; all findings replicated in our study. However, it remains unclear how oral VSL#3 treatment leads to changes in systemic immunity and circulating TNF-␣ levels. Probiotic administration has been reported previously to induce increased intestinal production of the cytokine G-CSF (Martins et al., 2009 ). In our current study, consistent with this previous report, we found a striking increase in plasma G-CSF levels in VSL#3-treated BDL mice compared with placebo-treated BDL and sham mice. G-CSF can affect a wide variety of biological functions that are potentially relevant to our current experimental observations in VSL3#-treated BDL mice. Specifically, G-CSF significantly attenuates monocyte/macrophage production of TNF-␣ (Nishiki et al., 2004) . Furthermore, G-CSF can mediate a reduction in cerebral inflammation (Nishiki et al., 2004) . In BDL mice, monocyte/macrophage production of TNF-␣ is significantly enhanced compared with sham controls (Kerfoot et al., 2006; . Therefore, increased plasma G-CSF levels in BDL mice treated with VSL#3 may contribute to the reduced circulating TNF-␣ levels observed in these mice and warrants future investigation. Together, our data define a novel pathway whereby VSL#3 ingestion prevents peripheral inflammation-associated increases in circulating TNF-␣ levels, cerebral microglial activation, and recruitment of activated monocytes into the brain, ultimately attenuating BDL-associated sickness behavior development. Therefore, probiotic therapy may have a therapeutic role in regulating peripheral inflammation-associated brain dysfunction and behavioral alterations that often significantly affect patient QOL.
